Introduction
The clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 (Cas9) system originates from bacteria and archaea (Wiedenheft et al. 2012) . Cas9 is a nuclease that can cleave double-stranded DNA. Target DNA specificity is governed by a single-guide RNA (sgRNA) that guides Cas9 to bind to a 20 nucleotide (nt) sequence on the target DNA (the so-called protospacer). An additional 3 nt element (protospacer-adjacent motif; PAM) with the NGG sequence downstream of the target sequence is required for binding and cleavage by Cas9 (Jinek et al. 2012) . DNA cleavage occurs at 3 bp) upstream of PAM. The repair of Cas9-induced DNA double-stranded breaks (DSBs) within the protospacer can induce insertion/deletion mutations of a variable length. Because the target specificity of the nuclease is directly determined by a short sequence in the sgRNA, construction of the CRISPR/Cas9 system is easier than that of programmable sequence-specific nucleases, such as zinc-finger nuclease or transcription activator-like effector nuclease (TALEN). Therefore, this CRISPR/Cas9 system has been rapidly adopted for gene editing in a variety of species (Ma et al. 2016) .
To apply the CRISPR/Cas9 system in a plant species for the first time, convenient expression and assay systems, such as the protoplast of Arabidopsis thaliana (Feng et al. 2013 , rice calli (Miao et al. 2013 ), wheat suspension cell culture (Upadhyay et al. 2013 ) and wheat protoplasts (Shan et al. 2013) , have been used prior to constructing mutant plants. Based on these trials, gene editing in a variety of plant species has been conducted using the CRISPR/Cas9 system. However, few polyploid plant species with more than three allelic genes have been genome edited, such as potato (Butler et al. 2015) with the CRISPR/Cas9 system and wheat with TALEN (Y. . In addition, all of these genome-edited plants have genome information for at least similar plant species.
Chrysanthemums are the most economically valuable flower globally. Given their economic importance, new traits are sought after, including flower color and architectural variants. Most of these efforts have involved classical crossbreeding and mutation breeding with large-scale selection (Shibata 2008) . It is hoped that new traits, variations in petal shapes and color patterns, disease resistance and insect resistance will be introduced into chrysanthemums. Nowadays, forward and reverse genetics have revealed numerous gene functions in many plants. By using this information, plant genomes have been manipulated and supported to produce new flower colors in the chrysanthemum (Noda et al. 2013 ). On the other hand, it is difficult to generate simultaneous gene knockout mutant chrysanthemums via chemical or radiation mutagenesis because of its high genome polyploidy. Chrysanthemums are mainly hexaploid (2n = 6x = 54), with a loss or gain of several chromosomes (Shibata and Kawata 1986) , and their genome is enormous (9.4 Gbp, http://www. etnobiofic.cat/gsad_v2/). Most chrysanthemum cultivars are self-incompatible (F. , are reproduced sexually for breeding and are propagated asexually for commercial production. These properties make it difficult to obtain a pure line that is ideal for a genome analysis. These characteristics hinder genome editing in chrysanthemum; however, technologies, such as the CRISPR/Cas9 system that can target several allelic gene copies, are required to study gene function and improve the agronomic traits of chrysanthemum.
To develop a gene editing method for chrysanthemum, it is necessary to choose an effective promoter to express the Cas9 gene during the transformation process. We used a transgenic fluorescent chrysanthemum with multicopy transgenes and target fluorescent protein as markers for a visual evaluation during the progress of gene editing. It has been reported that the high Cas9 level of expression tended to enhance the mutation efficiency in rice calli . The 35S promoter from Cauliflower mosaic virus (CaMV) is the most prevalently used promoter to drive the Cas9 gene in dicot plants. However, it is known that the activity of the 35S promoter in chrysanthemum is lower than that in other plant species (Sherman et al. 1998 , Aida et al. 2008 , and its activity often declines over long-term cultivation (Takatsu et al. 2000) . Thus, we compared the activity of the 35S promoter with a Petroselinum crispum ubiquitin (PcUbi) promoter, which is also used for gene editing in A. thaliana (Fauser et al. 2014) , and found that the PcUbi promoter was more effective in chrysanthemum calli. Using the PcUbi promoter and fluorescent protein, we successfully applied the CRISPR/Cas9 system to chrysanthemum and obtained a mutant shoot. Furthermore, we found that the acquisition of axillary buds and the process of callus re-generation increase mutation frequencies in the multicopy transgene.
Results

Generation of fluorescent chrysanthemum plants
To evaluate the mutation progress by the CRISPR/Cas9 system, we first generated fluorescent chrysanthemum plants using yellowish-green fluorescent protein from Chiridius poppei (CpYGFP) as a marker. For an effective gene expression in chrysanthemum, CpYGFP was inserted between a translational enhancer, the 5 0 -untranslated region (UTR) of A. thaliana alcohol dehydrogenase (AtADH5 0 -UTR; Sugio et al. 2008 ) and a terminator of 878 bp heat shock protein of A. thaliana (HSP-T878; Matsui et al. 2014) (Fig. 1A) . The fluorescence from CpYGFPchrysanthemum flowers was strong (Fig. 1B) and could be visually observed without high-sensitivity equipment, as in our previous study in Torenia fournieri (Sasaki et al. 2014) . The line #10 plant showed a strong and stable fluorescence in the cultivated condition and was considered a good candidate for monitoring fluorescence during the process of gene editing. Although the line #2 plant showed a weak fluorescence, it grew well in a cultivated condition and was also used to introduce CRISPR/Cas9. We examined the copy number of the transgene in lines #2 and #10 by Southern blot analysis (Fig. 1C) . Because DraI cut behind and in front of the probe sequence, only one band was detected. We also used EcoRI, which cut behind the probe sequence, and could distinguish the head-tail tandem insertion by comparison with the DraI-cut sample. Five and four bands were detected in the EcoRI-cut samples, indicating that the CpYGFP-chrysanthemum lines #10 and #2 contained more than five and four transgene copies, respectively. We thought that multicopy transgenes would reflect the actual condition of the hexaploid chrysanthemum genome and be suitable to evaluate the gene editing process. Therefore, we used these transgenic lines for further analysis.
Evaluation of promoter activity in chrysanthemum calli
Although the 35S promoter is commonly used in chrysanthemum transformation, its activity is not as high as in other plants (Sherman et al. 1998 , Aida et al. 2008 . In A. thaliana, the 35S promoter and the PcUbi promoter were used in genome editing (Jiang et al. 2013 , Fauser et al. 2014 . To generate a mutantintroduced chrysanthemum shoot, it is necessary to introduce a mutation during the callus stage. Therefore, we constructed transgenic chrysanthemum calli containing the 35S promoter (35S pro:GUS) or PcUbi promoter (PcUbi pro:GUS) in front of the b-glucuronidase (GUS) gene ( Supplementary Fig. S1A ) to compare the activity of these promoters. We examined the GUS activity from ten 35S pro:GUS calli and from 13 PcUbi pro:GUS calli ( Supplementary Fig. S1B ). 
Gene editing in the fluorescent chrysanthemum callus
To introduce a mutation into the CpYGFP gene, we chose four target candidate sites for the sgRNAs ( Fig. 2A, B ) and tested their ability to guide the Cas9 protein to cleave the CpYGFP DNA via an in vitro cleavage assay (Fig. 2C) . We performed the in vitro cleavage reaction with a modified protocol to eliminate low-potential targets. The cleavage reaction was held at 20 C to accommodate the cultivation temperature of chrysanthemum calli. Targets #2 and #3 successfully guided Cas9 to cleave the CpYGFP DNA fragment, and these sequences were used as sgRNA target sites. We cloned these two sgRNAs into the pDeCas9_Kan vector, which harbors the PcUbi promoter to drive the Cas9 gene, thereby producing pDeCas9_Kan-CpYGFP (Fig. 2D) .
To introduce the mutation on the CpYGFP gene, the pDeCas9_Kan-CpYGFP vector was transformed into the leaf sections of CpYGFP-chrysanthemums that had been maintained under sterile conditions. Ten weeks after transfection with Agrobacterium tumefaciens, 382 calli from 499 leaf sections and 379 calli from 499 leaf sections were generated from CpYGFP-chrysanthemum line #2 and line #10, respectively. Approximately 3-4 months after transformation, we visually assessed the fluorescence of the calli derived from CpYGFPchrysanthemum line #10, but no calli had completely lost fluorescence. To confirm the transformation progress, we selected three calli showing slightly decreased fluorescence and assessed them for the presence of Cas9 and CpYGFP DNA in their genomic DNA (Fig. 3A) . We isolated DNA samples from two different positions on each callus, and two calli (Nos. 29 and 30) showed small CpYGFP DNA fragments (Fig. 3A) , suggesting that a truncation of CpYGFP DNA had partially occurred. We excised the small CpYGFP DNA fragments, amplified them by PCR, separated and excised the DNA fragments again, then cloned and confirmed the sequence. We identified one fragment with a large deletion (-1,020 bp; Fig. 3B ) around target #3.
We then randomly selected an additional 13 calli for analysis. Of 13 calli, 10 contained the Cas9 sequence ( Supplementary  Fig. S2 ). We could not visually detect the fluorescent-deficient region; therefore, we observed the fluorescence of five calli by microscopy and found that CRISPR À CpYGFP-chrysanthemum calli contained regions of decreased fluorescence, whereas CpYGFP-chrysanthemum calli showed consistent fluorescence patterns (Fig. 3C ). This pattern and small CpYGFP DNA fragments suggested that a mutation occurred after callus formation, and that both mutated and nonmutated cells grew to form one callus. (Fauser et al. 2014 ). pea3A-T, pea3A terminator from P. sativum; AtU6 pro, U6-26 promoter from A. thaliana.
Mutations in CRISPRÀCpYGFP-chrysanthemum calli
A large deletion in CpYGFP DNA sequence ( Fig. 3B ) and observation of a fluorescence-decreased region (Fig. 3C ) suggested that mutation(s) had been introduced into CRISPRÀCpYGFP-chrysanthemum calli. It was reported that a chimeric mixture of multiple mutated and non-mutated cells exist in clonally propagated transgenic rice calli . We thought that the same thing had occurred in our CRISPRÀCpYGFP-chrysanthemum calli (schematic model in Supplementary Fig. S3 ). We next evaluated the frequency of mutated CpYGFP DNA in each callus. We amplified CpYGFP DNA fragments from nine calli independently by PCR, cloned each of them into Escherichia coli and analyzed the sequence around target #2 and #3 sites from >12 clones per callus. The mutation frequency data in Table 1 include the editing frequency of each CpYGFP copy and of cells. We found that seven of the nine calli (Nos. 28, 29, 30, 32, 33, 36 and 40 ; Table 1 ; Fig. 4A ) contained at least one mutant clone. This meant that seven calli contained mutant cells. We also assessed the CpYGFP sequence in the callus derived from the original CpYGFP-chrysanthemum line #10 and detected no mutation ( Table 1) . Two (numbers 32 and 36) and six (Nos. 28, 29, 30, 33, 36 and 40) calli contained mutations in targets #2 and #3, (C) Photogrphs of CpYGFP-and CRISPRÀCpYGFP-chrysanthemum calli (bright-field; upper panels) and fluorescence of CpYGFP-and CRISPRÀCpYGFP-chrysanthemum calli (fluorescent; middle panels). These two types of photographs were merged in the lower panels and correspond to the upper panels. Images were obtained with low magnification (left panels; Â4) and high magnification (right panels; Â20) objective lenses. The arrow indicates the fluorescence-deficient region.
respectively (Table 1 ). In addition, two and five types of mutation were found in targets #2 and #3 (Fig. 4A) , respectively. The number of calli containing mutations and number of mutation types were higher for target #3 than for target #2. This finding indicated that the occurrence of the target #3 mutation was higher than that of target #2. A small deletion of 1 bp was most frequently observed; however, a large deletion of 66 bp was also observed. We also found a combined mutation including a 53 bp deletion and a 21 bp insertion caused by a 4 bp micro-identity of distant (113 bp) sequence (callus No. 29; Fig. 4A ). These results indicated that CRISPRÀCpYGFP-chrysanthemum calli contained several types of mutations in the CpYGFP sequence.
We then analyzed the mutation type and frequency in CRISPRÀCpYGFP-chrysanthemum calli cultivated for 9 months ( Fig. 4B; Table 1 ). During the long cultivation, several calli (numbers 28, 33, 36, 38, 40 and 42) were lost by contamination or bruising. We examined the remaining 10 calli and found that nine calli contained the PcUbi promoter DNA. We amplified CpYGFP DNA fragments from each transgenic callus DNA, cloned them and analyzed the sequence, as mentioned above. We found that six calli contained a mutation in CpYGFP (Fig. 4B) . There was no mutation around target #2. The ratio of the mutant to the total declined from 20/153 (3-4 month culture period) to 13/204 (9 month culture period) ( Table 1) . This suggested that an extended cultivation time, at least with the cultivation method and conditions currently used, did not intentionally increase the mutation frequency in chrysanthemum calli.
Generation of CRISPRÀCpYGFP-chrysanthemum shoots
We obtained four CRISPRÀCpYGFP-chrysanthemum shoots from calli derived from CpYGFP-chrysanthemum line #2 and line #10. Shoot generation rates using these transgenic fluorescence chrysanthemums were lower than in the control chrysanthemums, which were transformed with the pDeCas9_Kan-CpYGFP vector in non-transgenic chrysanthemum ( Table 2 ). All CRISPRÀCpYGFP-chrysanthemum shoots showed fluorescence. We assessed the presence of Cas9 DNA in genomic DNA of CRISPRÀCpYGFP-chrysanthemum shoots, and found that it was present in all shoots. To assess the sequence of CpYGFP in CRISPRÀCpYGFP-chrysanthemum shoots, we amplified CpYGFP DNA fragments from each shoot, cloned them and determined the amplified sequence. We determined the sequence from >16 clones from each shoot DNA and found that one shoot (No. 47-1) contained the mutation in the CpYGFP sequence ( Fig. 4C; Table 2 ). A deletion of 1 bp was 
a CpYGFP DNA fragments from each calli were amplified by PCR, cloned into E. coli and the sequence determined around the target #2 and #3 sites. Frequency was determined by the number of clones containing a mutation in the CpYGFP DNA sequence in the total sequence-analyzed clone. b Mutation frequencies were not determined.
observed in target #3 (four mutant clones from 39 sequenceassessed clones; 10.2%). To determine whether the mutation type and frequency were stable, we analyzed the mutation in two additional leaves, which were subsequent to the first analyzed leaf (positions are indicated in Supplementary Fig. S4 ). A deletion of 1 bp was observed in target #3 in the next leaf (6/40; 15%) and after the next leaf (4/40; 10%). No other type of mutation was detected. The deletion type was identical and the changes in frequency were small among the analyzed leaves. Thus, the mutation type and frequency in shoot number 47-1 was stable. The mutation in shoot number 47-1 appeared to have been introduced before shoot formation or the primordium of the shoot.
Increased mutation frequency in the vegetatively propagated shoots and re-generated callus of CRISPRÀCpYGFP-chrysanthemum
To evaluate whether the mutation generated in the CRISPRÀCpYGFP-chrysanthemum shoot could be transmitted to asexually propagated plants by cutting, and to investigate the possibility of introducing novel, unintended mutations, we cultivated the axillary shoot derived from CRISPRÀCpYGFP-chrysanthemum shoot lines 46-1, 47-1 and 49-1 ( Supplementary Fig.  S5A ). We analyzed the CpYGFP DNA sequence as described above and determined the sequence from >40 clones from each shoot DNA. We found three shoots (47-1-1, 47-1-2 and 47-1-3) harboring the intended mutation in the CpYGFP sequence ( Table  3 ). The mutation frequency was increased in one shoot (47-1-1; 13 mutant clones from 48 sequence-assessed clones; 27.1%). In contrast, two other shoots exhibited consistent mutation frequencies (10.4% and 12.5%) compared with that in the parental shoot (47-1; analyzed in Table 2 , range: 10-15%). Other axillary shoots (number 46-1-1 and 49-1-1) did not harbor mutant sequences. To examine whether Cas9 expression level affects the mutation frequency in these axillary shoots, we analyzed Cas9 expression levels by RT-PCR ( Supplementary Fig. S5B ). Unexpectedly, Cas9 expression levels did not differ between the axillary shoots. We speculated that re-generated calli accumulated the mutation found in shoot 47-1. Therefore, we re-generated calli derived from the CRISPRÀCpYGFP-chrysanthemum shoot No. 47-1 (Supplementary Fig. S6A ) and performed DNA sequence analysis for >40 clones from three independently re-generated calli and found that in two of these calli, the mutation frequency in the CpYGFP sequence was elevated ( Table 3 ). The mutation frequencies in two re-generated calli (47-1 c1; 28.9%, 47-1 c3; 22.7%) were apparently higher than in the parental 47-1 leaves (analyzed in Table 2 , range: 10-15%). A 1 bp deletion in target #3 was observed, and a 58 bp deletion in target #3 and a 45 bp deletion in target #2, which were not observed in the parental 47-1 shoot, were also identified. Cas9 expression levels did not differ between the axillary shoot and re-generated calli, which were derived from shoot 47-1 (Supplementary Fig. S6B ).
Discussion
In the present study, we evaluated the effectiveness of the CRISPR/Cas9 system in chrysanthemum plants carrying a transgene encoding a fluorescent protein. The lack of genome information and complex genome makes it difficult to target the chrysanthemum genome. Using fluorescence, we could evaluate the progress of gene editing. We obtained transgenic chrysanthemum calli and a shoot with mutations in a transgene, and showed that the CRISPR/Cas9 system in combination with the PcUbi and AtU6 promoters could introduce gene mutations into chrysanthemum. In addition, we demonstrated that the mutation frequency increased during the culture of axillary shoot and re-generated callus. These processes will be an important way to generate gene-edited chrysanthemum, which have complete mutations in multiallelic genes.
There are two advantages to using a transgene which encodes a fluorescent protein to assess the CRISPR/Cas9 system during the first attempt. The first is that the target gene sequence is known. Similar to chrysanthemum, various ornamental plant species are polyploid, and have large, complex genomes. Genomic research on ornamental plant species, particularly cultivated chrysanthemum, has been delayed (Yagi 2015) . This circumstance makes it laborious to choose a target site and to determine the mutation type, such as monoallelic, biallelic, heteroallelic or multiple alleles, after introducing the mutation. Using chrysanthemum with multicopy transgenes, we could evaluate the mutation frequency approximately to the actual situation where multiallelic genes exist in the genome. The second advantage of using a transgene is that the observation of fluorescence enables us to monitor the progress of gene editing. Because of these two advantages, using a transgene encoding a fluorescent protein will be a useful method by which to assess the CRISPR/Cas9 system for the first time, particularly in polyploid plants.
Gene editing using the CRISPR/Cas9 system will be a powerful tool for constructing agronomically designed important plants. The selection of a suitable expression system to drive Cas9 and sgRNA is required for the first application of gene editing in each plant species. We showed that the PcUbi promoter for Cas9 and AtU6 promoters for sgRNA enabled gene editing in chrysanthemum. We used two sgRNAs (targets #2 and #3) that targeted independent regions of CpYGFP, and showed that both of these sgRNAs led to mutations in the CpYGFP sequence. We expected that these targets would lead to a co-ordinated mutation, but, despite the similarity of cleavage efficacy in vitro, the in vivo mutation frequency at target #2 site was lower than that at target #3 site. Only one callus (number 36) showed mutations at both target sites (Table 1) , a CpYGFP DNA fragments from axillary shoots and re-generated calli were amplified by PCR and cloned into E. coli. The DNA sequence was determined around the target #2 and #3 sites. Frequency was determined by the number of clones containing a mutation in the CpYGFP DNA sequence in the total sequence-analyzed clones.
and no callus containing a deletion spanning targets #2 and #3 was found in the present study. In addition, there was no shoot containing the mutation at the target #2 site. There are no absolute tools to predict the in vivo cleavage efficiency of the target site. We chose the two target sites from the four candidates, which were assessed in an in vitro cleavage analysis, and then applied them in an in vivo analysis. Use of more effective target sites may lead to a higher mutation frequency. Genome editing efficiency appeared to differ among callus clones (Table 1) ; it is possible that the high level of Cas9 expression tended to enhance the mutation efficiency as reported previously in rice calli . On the other hand, there were no obvious differences in Cas9 expression level between the axillary shoots and regenerated callus (Supplementary Figs S5B, S6B) . It is also possible that the samples from calli which were obtained by this method contained DNA from mutated cells of chrysanthemum at a certain frequency (schematic model in Supplementary Fig. S3A ) and that these mutations were detected only at a certain level in genome-edited cells in such calli by sequencing analysis. We thought that both possibilities could result in the various values of mutation frequency in calli (0-33%; Table 1) .
We detected the mutation in the CRISPRÀCpYGFP-chrysanthemum calli approximately 3-4 months after transformation. In our usual experimental procedure, the cultivation of chrysanthemum calli was prolonged for 2-3 months after transformation (Aida et al. 2004) . When comparing the proportion of mutated cells 1 and 2 months after culture, a longer culture period enhanced the proportion of mutated cells in Cas9-, sgRNA-transformed rice calli . However, a prolonged cultivation of 3-9 months in our condition did not increase the mutant frequency in chrysanthemum. Rather, the mutation types and frequency appeared to decrease. There was no mutation larger than 10 bp at target #3. We found that the chrysanthemum calli that could survive in a selection medium sometimes did not show the expression of a transgene. We can see examples in Supplementary Fig. S1B , where one of the 35S pro:GUS calli did not have GUS activity, and in Supplementary Fig. S2 , where one callus (No. 41) did not show the Cas9 DNA. These calli might not express the transgenes because of gene silencing or truncation of transferred DNA, or might be antibiotic escapes. We speculated that the cells containing a large mutation were not dominant in calli and seemed to be buried in the cells containing a small mutation or non-mutated cells, which did not have the potential for mutation, during long culture periods.
We obtained one CRISPRÀCpYGFP-chrysanthemum shoot (number 47-1), but its mutation frequency was low (10-15%). Therefore, the fluorescence of shoot 47-1 would not be lost. Because of the lack of chrysanthemum genome information, we could not assess whether the off-target of targets #2 and #3 exists in the chrysanthemum genome. However, the shoot generation rates in the control chrysanthemum (74/911; Table 2 ) was normal in our usual transformation process. This indicated that the off-target activity of targets #2 and #3 might not cause a low regeneration rate in CRISPRÀCpYGFP-chrysanthemum shoots. We thought that the repeated transformation process decreased the regeneration rate of CRISPRÀCpYGFP-chrysanthemum calli. In rice, long-term culturing has been reported to result in the loss of the ability to regenerate shoots (Kavi Kishor and Reddy 1986) and spontaneous mutations, including single nucleotide substitutions, and insertions and deletions, occurring during cell culture (Miyao et al. 2012) . Therefore, we believe that repeated transformation accompanied by long-term culturing resulted in a mutation causing the loss of the ability to regenerate shoots. Alternatively, it is also possible that the occurrence of DNA DSBs in the genome caused a stressful condition and prevented shoot regeneration. An attempt to introduce mutation using the CRISPR/Cas9 system on the endogenous and original chrysanthemum genome will clarify these possibilities.
Chimerism may occur in genome-edited plants. In Arabidopsis, progeny generation by crossing is a common technique for solving or eliminating the chimeric plant (Fauser et al. 2014) . On the other hand, in rice, several types of mutations have been observed in calli, but the chimerism seemed resolved during generation of shoots . We suspect that a similar situation exists in the chrysanthemum. If chimerism occurs in genome-edited chrysanthemum, we believe that repeated isolation of axillary shoots or the sequence of callus regeneration and shoot regeneration is a suitable method to resolve chimerism, because chrysanthemum is a mostly self-incompatible plant (F. ) and crossing causes significant changes in various traits. It has been reported that the periclinal chimeric plants were obtained by the successive isolation of axillary shoots of mericlinal chimeric plants in chrysanthemum (Aida et al. 2016) . It is possible that repeated acquisition of axillary shoots would resolve the chimerism problem in genome-edited chrysanthemum.
There are few reports that describe the introduction of simultaneous mutations in multiallelic plant genes. To analyze the function of a multiallelic gene, especially for genes, which are difficult to repress sufficiently by the gene silencing method, it is necessary to introduce a mutation in all expressing allelic genes. For example, it had been difficult to evaluate the function of MILDEW-RESISTANCE LOCUS (MLO) genes against powdery mildew in hexaploid bread wheat, because of the genetic redundancy. However, a TALEN-induced mutation of all three TaMLO homoeologs in the same plant showed a resistance to powdery mildew (Y. .
In wheat, 450 independent T 0 transgenic plants were generated using TALEN, and one heterozygous mutant for all three homoeoalleles was obtained (Y. . When compared with the diploid plant, the multiallelic gene provided numerous cleavage target sites and decreased the concentration of Cas9 and sgRNA on target sites. The introduction of simultaneous mutations in a multiallelic gene is difficult and appears laborious, but is not impossible. We showed here that the introduction of a mutation in multicopy genes is possible in chrysanthemum. However, editing of endogenous genes in chrysanthemum may require a little more ingenuity. Chrysanthemum is considered to originate from an interspecific hybrid among wild species (mentioned in the review by Shibata 2008) . Therefore, chrysanthemum genomes were not genetically homogenous, and most of the genes have highly homologous alleles. For example, four or more homologous CmCCD4a genes that encode a carotenoid cleavage dioxygenase exist in chrysanthemum (Yoshioka et al. 2012) . Therefore, to introduce mutations into endogenous genes by genome editing in chrysanthemum, genomic sequences of the endogenous target genes are required, and conserved regions among the homologous genes should be selected as target sites. In addition, it will be difficult to introduce mutations simultaneously in all allelic genes. Therefore, it is essential to analyze whether the mutations occur after the first trial to introduce mutations, and to choose plants which contain several mutations as material to accumulate mutations in all allelic genes. Repeated acquisition of axillary buds or repeated re-generation of callus would increase the mutation frequency. Our results suggest that the Cas9/sgRNA system provides a promising method to introduce multiple mutations into the hexaploid chrysanthemum genome. Choosing an efficient target site and continuous trials to produce many plants will introduce complete gene mutations in chrysanthemum.
Materials and Methods
Primers and plasmid construction
All primers and oligonucleotides used in this study are listed in Supplementary  Table S1 .
To generate a fluorescent CpYGFP-chrysanthemum, a binary vector containing CpYGFP (Masuda et al. 2006 ) was produced. AtADH5 0 -UTR enhancer and HSP-T878 terminator were used. The enhancer-CpYGFP-terminator cassette in a pRI909 plasmid (Sasaki et al. 2014 ) was excised with HindIII and EcoRI sites and inserted into the p35SSG vector (Mitsuda et al. 2005) to produce an expression cassette, p35S pro:AtADH_5 0 -UTR:CpYGFP:HSP-T878. The expression cassette was transferred into the pBCKH plant binary vector (Mitsuda et al. 2005 ) using the Gateway system (Invitrogen) to produce pBCKH-35S pro:AtADH_5 0 -UTR:CpYGFP:HSP-T878 (Fig. 1A) .
To generate the promoter:GUS-chrysanthemum, binary vectors containing the 35S promoter and promoter region of Ubiquitin 4-2 from P. crispum (PcUbi; Fauser et al. 2014) were generated. A DNA fragment comprising a terminator from the heat shock protein 18.2 gene of A. thaliana (HSPT; Nagaya et al. 2010) was amplified by PCR, digested with SacI and EcoRI, and cloned into the p35SSRDXG vector (Mitsuda et al. 2006 ) to produce p35SSRDX-HSPT. The GUS gene (S69414) was excised from the pBI221 plasmid with BamHI and SacI, and cloned into the p35SSRDX-HSPT vector to produce p35S pro:GUS-HSPT. The promoter region of the PcUbi was amplified using the pDeCas9_Kan plasmid [modified from pDeCas9 (Fauser et al. 2014) , provided by Mily Ron and Anne Britt at the University of California, Davis] as a PCR template. The amplified fragments were digested with HindIII and BamHI and exchanged with the corresponding site of p35S pro:GUS-HSPT to produce pPcUbi pro:GUS-HSPT. Both expression cassettes harboring the 35S and PcUbi promoters were transferred into the plant binary vector pBCKK (Mitsuda et al. 2005 ) using the Gateway system (Invitrogen) to produce pBCKK-35S pro:GUS-HSPT and pBCKK-PcUbi pro:GUS-HSPT, respectively (constructs are shown in Supplementary Fig. S1A ).
To generate a CRISPRÀCpYGFP-chrysanthemum, we used the binary vector pDeCas9_Kan that enabled us to use the Multisite Gateway system (Invitrogen). In pDeCas9_Kan, the 35S promoter-bialaphos resistance gene (bar)-35S terminator cassette of pDeCas9 was replaced by a nopaline synthase (nos) promoter-neomycin phosphotransferase (npt) II-nos terminator cassette using In-Fusion (Clontech Laboratories). To produce donor plasmids for the Multisite Gateway system, pMR217 (pENTR_PL1R5_AtU6gRNA) and pMR218 (pENTR_L5L2_AtU6gRNA) (provided by Mily Ron and Anne Britt) were used. To generate pMR217 and pMR218, the AtU6 26 gRNA scaffold cassette was amplified from pEn_Chimera (Fauser et al. 2014) by PCR, and cloned into pDONR221 P1P5r or pDONR221 P5P2 (Invitrogen) using a BP reaction, respectively. Both pMR217 and pMR218 plasmids were digested with BbsI. Two sets of oligonucleotides of targets #2 and #3 for CpYGFP were annealed and cloned into the pMR217 and pMR218 to produce pMR217_AtU6gRNA_ CpYGFP_target_2 and pMR218_ AtU6gRNA_CpYGFP_target_3, respectively. These expression cassettes were transferred by LR reaction to pDeCas9_Kan binary vector to produce pDeCas9_Kan-CpYGFP (the construct is shown in Fig. 2D ).
Generation of transgenic chrysanthemum plants and calli
The Chrysanthemum morifolium cultivar 'Sei-Marin' (Inochio Seikoen Co., Ltd. http://www.seikoen-kiku.co.jp/) was used as the wild-type chrysanthemum in the present study. The binary vector was introduced into the Agrobacterium tumefaciens strain EHA105 by electroporation. Transgenic chrysanthemum calli and plants were generated, as described previously (Aida et al. 2004 ). CpYGFPchrysanthemums were screened using 5 mg l -1 hygromycin-B. Tissue cultured CpYGFP-chrysanthemums were vegetatively maintained on a half-strength Murashige and Skoog (MS) salt medium without hormones containing an MS vitamin, 3% sucrose and 0.25% gellum gum at 20 C. To observe the fluorescent flower(s), CpYGFP-chrysanthemums were transferred to soil, habituated for 1 month at 25 C, grown at 4 C for the following 1 month and then at 25 C in a greenhouse for genetically modified plants. The generation of CpYGFPchrysanthemum plants was confirmed by the fluorescence emitted from the transgenic chrysanthemum.
For the generation of the promoter:GUS-chrysanthemum calli, calli were screened with 25 mg l -1 paromomycin for npt II selection and confirmed by GUS activity.
For the generation of CRISPR/Cas9-introduced calli, the pDeCas9_Kan-CpYGFP plasmid was introduced into the leaf sections of CpYGFP-chrysanthemum transgenic lines #2 and #10. For the control, the pDeCas9_Kan-CpYGFP plasmid was introduced into the leaf sections of the original 'Sei-Marin'. Transgenic calli were generated using the Agrobacterium method and screened with paromomycin. Generated shoots were transferred and maintained in halfstrength MS salt medium without hormones, containing MS vitamin solution, 3% sucrose and 0.25% gellum gum at 20 C. For long-term culture of shoots, trehalose was used rather than sucrose. To re-generate calli, leaf sections of CRISPRÀCpYGFP-chrysanthemum line 47-1 were cultivated on MS medium containing 1.0 mg l À1 benzyladenine (BA), 2.0 mg l À1 napthalene acetic acid, 300 mg l À1 MS vitamin solution and 0.8% agar at 20 C. For the observation and sequence control of CRISPRÀCpYGFP-chrysanthemum, leaf sections of CpYGFP-chrysanthemum line #10 were incubated in the same MS medium to generate a CpYGFP-chrysanthemum callus. All transgenic calli and shoots were maintained at 20 C.
Observation of fluorescence in chrysanthemum
The fluorescence of CpYGFP-chrysanthemum plants was observed with a blue light-emitting diode (LED) excitation light with a peak wavelength of 474 nm, a yellow transparent acrylic plate as an emission filter and a 350-490 nm bandpass filter as an excitation filter, as described previously (Sasaki et al. 2014) . The image acquisition conditions were F 5.6, ISO 400, exposure 0.5 s and a focal length of 28 mm (Fig. 1B) .
To observe the fluorescence in detail, calli were hand-sectioned with a razor blade and observed under a fluorescence microscope (Provis AX70, Olympus) with an objective lens (magnification Â 4 or Â 20) and an NIBA filter block (Olympus, ex = 470-490 nm, dichroic mirror = 505 nm, em = 515-550 nm).
Southern blot analysis
Genomic DNA was prepared from chrysanthemum leaves using the DNeasy plant Maxi kit (Qiagen, https://www.qiagen.com/jp/). DraI or EcoRI was used to digest 20 mg of the chrysanthemum genomic DNA. The genomic DNA was separated on a 0.8% agarose gel and transferred to a nylon membrane (Hybond N + ; GE Healthcare, http://www.gelifesciences.co.jp/index.html). We used the coding region of CpYGFP as the probe in the analysis. The DNA probe was labeled using a PCR DIG probe synthesis kit (Roche Applied Science) by PCR. The primer sequences used here are described in Supplementary Table  S1 . Hybridization signals were detected by chemiluminescence with CDP-Star (GE Healthcare) as the substrate and visualized with an imaging system (Chemidoc MP and Image lab 4.0 software, Bio-Rad).
Fluorometric GUS assays
GUS activity was analyzed according to Kosugi et al. (1990) with some modifications, detailed below. The callus was homogenized in GUS assay buffer [50 mM potassium phosphate, 10 mM EDTA, 0.1% Triton X-100, 0.1% Sarkosyl and 2 mM dithiothreitol (DTT)], and an aliquot of the supernatant was incubated in the buffer with 4-methylumbelliferyl-b-D-glucuronide as a substrate at 37 C for 30 min. The amount of 4-methylumbelliferone formed in each GUS reaction was then determined using a fluorescence spectrophotometer (VersaFluor TM fluorometer, Bio-Rad), and the protein concentration was determined using a Coomassie protein assay kit (Bio-Rad) with bovine serum albumin as the standard.
In vitro transcription and cleavage assay
The in vitro cleavage assay was performed with the Guide-it TM sgRNA in vitro transcription and screening systems (Clontech Laboratories, http://www.clontech.com/) according to the user manual with some modifications. In the user manual, each assay was performed for a 1 h incubation with 100 ng of cleavage template DNA, 500 ng of Cas9 protein and 20 ng of sgRNA at 37 C. To eliminate low-potential target(s), we used 100 ng of cleavage template DNA, 250 ng of Cas9 protein and 5 ng of sgRNA for each reaction. The cleavage assay was performed at 20 C for 2 h to accommodate the cultivation temperature of chrysanthemum calli. The cleavage template of CpYGFP DNA was amplified using the primer indicated in Supplementary Table S1. PCR, cloning, and sequence analysis Genomic DNA was extracted as previously described (Marzougui et al. 2012) or was extracted using a Plant DNA Isolation Reagent (TAKARA). We used PrimeStar GXL DNA polymerase (TAKARA) to amplify the DNA from chrysanthemums. Amplified DNA had a dA attached at the 3 0 ends using a 10Â Aattachment mix (Toyobo), cloned into a pCR2.1-TOPO vector or pCR4-TOPO vector with TOPO TA Cloning Kits (Invitrogen), and transformed into Escherichia coli DH5a. The Cas9 sequence was amplified with PcUbiP-300f and CAS-Nter-R1 primers. The DNA containing the whole CpYGFP sequence was amplified with SIP_85 and SIP_86 primers as a 2,148 bp fragment (the position is indicated in Fig. 1A) .
A short CpYGFP DNA fragment (shown in Fig. 3A ) was excised from the agarose gel, purified with Nucleospin Gel and PCR Clean-up kit (MachereyNagel), amplified again with the same primers, separated by electrophoresis, excised from the agarose gel, purified and cloned.
To determine the frequency of mutated CpYGFP DNA, amplified CpYGFP DNA was purified with Agencourt AMPure XP (Beckman Coulter) to remove primers, cloned into pCR2.1 or pCR4 TOPO vector (Life Technologies), and transformed into E. coli. Each cloned CpYGFP DNA was sequenced using a capillary DNA analyzer (ABI PRISM 3700, Applied Biosystems) and dye terminator cycle sequencing kits version 3.1 (Applied Biosystems). Sequence alignment was performed with ATGC software (version 7.5.1, GENETYX CORPORATION) or MEGA6 software (http://evolgen.biol.se.tmu.ac.jp/ MEGA/). The primer sequences used for cloning and sequencing are listed in Supplementary Table S1 .
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Supplementary data are available at PCP online. 
Funding
Disclosures
The authors have no conflicts of interest to declare.
